refractive index of the medium at the front end of the optical fibre; nj = refractive index of the optical-fibre core; n2 = refractive index of the fibre cladding; n m = refractive index of the medium at the back end of the optical fibre; h = radius of the fibre-optic core = 0.5 mm; R J = radius of the lens at acceptance and emission angles of the light energy transmitted by the fibre. In order to avoid overlapping of the received signals and loss of beam intensity, the light-beam must diverge as little as possible. This can be achieved by using an optical lens. In addition, it is important to design the lenses such that all fibres have smooth surfaces and similar radii, resulting in identical characteristics with minimum differences in transmitted intensity and emission angle.
The optical-fibre lens model with lenses at both ends is depicted in Figure 2 . Each lens has a different value of radius. The model takes into account that a large divergent beam is undesirable because it decreases the energy centred in the beam and can cause overlapping of adjacent transmitted beams at the receivers. The optimum radius to provide a lens for a particular application is determined from the model. From the model it can be shown that: Modelling opticalfibre lenses GaUla reconstruction based on tomographic methods has been applied to various fields such as radiology, geology and oceanography. At the end of the 1960s tomography began to be used in various industries involving a plasma flow, temperature mapping field and remote monitoring of pollution 2 . In tomography sensors are used external to the object in a non-intrusive manner to measure some physical property in various directions through the object. Then the cross-sectional distribution of the measured parameter is calculated. This project aims to investigate the use of tomographic measurement for on-line monitoring of particles and droplets having low concentration when being conveyed by a fluid. A typical example is the measurement of crude oil being discharged by tankers flushing their oil storage tanks. In many applications a system that enables flow to be imaged is vital. Such a system is useful in process monitoring and control, measurement of components, and design of flowmeters or process equipment. The sensor utilised for such a system should enable all flow components to be clearly identified; and the spatial resolution must be able to sufficiently represent the distribution of components in the flow l .
Tomography enables the two-or three-dimensional distribution of various physical variables such as concentration, absorption coefficient, intensity, or electrical properties within a process vessel to be determined from non-invasive measurements. Image
Introduction
Modelling the optical-fibre lens is important in order to find out how to optimise the utilisation of optical fibre for the tomographic system. As such an investigation is carried out on the way both ends of optical fibres are terminated, L __'::::=============:::" (2) = 1.19mm
Constructing optical-fibre lenses
A specially constructed heating fixture ( Figure 4 ) is used to fonn the curved surface on the polished fibre. The temperature range of the fixture can be varied from 90 to 150°C. If the temperature of the heating platfonn is The tomographic measurement sysexcessive, i.e. bigger than 150°C, a tern is constructed based on a feasithermal cut-out operates and a warn-bility study that was carried out earli-. ing is given. A green LED indicates er". The light source consists of four that the power supply is operating halogen bulbs providing collimated properly. The fixture uses a feedback beams. The light receiver consists of control loop to maintain the tempera-an array of optical-fibre sensors ture within ±O.4°C of the set value. arranged in a system with a combina-The lenses were designed such that tion of two orthogonal and two rectiall fibres have smooth surfaces and linear projections ( Figure 5 ). The similar radii (1. I 9 mm), resulting in orthogonal projections consist of an 8 identical characteristics with mini-x 8 array of optical-fibre sensors, mum differences in transmitted inten-whereas the rectilinear projections sity and emission angle. Initial consist of an 11 x 11 array of opticalattempts to fonn lens surfaces failed, fibre sensors. As such a total of 38 It is vital to ensure that the lenses have because the centre of the lenses con-optical-fibre sensors are used for each identical characteristics, and as such it structed using the temperature plat-plane; and for cross-correlation puris important to standardise the method fonn were flat 3 • Lens moulding with poses the total number is doubled to in preparing the lenses. Before the the temperature platfonn was later 76 as there are two measurement lens is constructed, the end of the opti-improved and curved lenses were planes axially spaced along the flow cal fibre is polished. A simple alu-obtained. This method provides a low-pipe. Ideally the two orthogonal and minium block ( Figure 3 tion. Signal conditioning gives The block containing the fibre an electrical signal that increasis then placed on top of silicon es in amplitude as the particle or carbide paper, which is placed droplet concentration increases. on a moving rotor. Initially the The signals are scanned sequenfibres are polished with a 300-tiaJly to provide a data set, and grit paper, followed by 400, 600 ,,_ "Cb, c:::> each data set is processed and finally l200-grit paper. The R"'" 11,1" employing a back-projection polishing process is completed algorithm to provide a concenwhen the fibre-end is flat and tration profile. the rough surfaces are removed.
Signal processing is carried The end of the fibres are then out on the measured data in the cleaned with industrial methy-time and frequency domains to lated spirit and dried. Fbre J from a halogen bulb, which was connected to a 5V dc power supply. With the fibre rotated through 180 0 horizontally and for each angle, the intensity was recorded. The same receiver circuit used for the vertical emission test was used for these measurements. Figure 7 shows the results for three of the fibres. The intensities of all the fibres were found to be nearly identical. Figure 8 shows the d.c. output of the amplifier when the light intensity is varied through one of the lensed optical fibres. The sensitivity of voltage change due to change in the light level is low at lamp voltages below 2 V and above 10 V; and at the latter lamp voltage the output voltage reaches saturation.
Particles or droplets of different sizes and shapes flowing into the process pipe cause varying levels of attenuation and scattering, and are detected by the optical-fibre sensors. Some of the preliminary results involving particles of different sizes are shown in Figures 9 & 10 .
The results show that if the flow containing particles or droplets traverses the light beam, a portion of the light is blocked, and hence reduces the amount of light that reaches the 
Results and discussion
Each lensed optical fibre was tested by illuminating it with light from a halogen bulb placed 28 cm from it. The fibre was connected to a currentto-voltage converter and an amplifying system. The amplified output voltage was observed. The results show that there are only slight variations between the output voltage given by each fibre. The mean of the results is 1.39V and the standard deviation is domain measurements are statistical A vertical emission test was carried methods such as mean and standard out on each lensed optical fibre. The deviations with different time win-fibre was placed 20 cm from a halodows. In the frequency domain spec-gen light-source, powered by a 4V tral analysis is used to investigate the power supply. The fibre was aligned possibility of extracting information with the photodetector incorporated relating to particle size and velocity.
into a current-to-The overall mass/volume flow voltage converter measurement is based on the velocity and subsequently and concentration profiles for the amplified. The opticross-section of the conveyor. cal intensity was Integration of the combined velocity measured as the fibre and concentration profiles gives the was rotated through volume flow-rate of the solids, which 360 0 • The results for is proportional to the required mass three fibres are flow-rate. depicted in Figure 6 . 
Conclusions
The initial results in this paper show that the system employing the lensed optical fibres is capable of providing on-line detection of flowing solid materials in liquid. The system has several advantages over other techniques, one being that, due to the small diameter of the fibre (I mm), the number of views in a projection can be increased significantly, The use of optical fibres enables the signal processing to be positioned far away from the process, thus allowing it to be utilised in a noisy environment. Further experiments are being carried out to measure the concentration and velocity profiles of fluid flows,
